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Abstract Cementation is produced by mixing a certain amount of cement with the saturated
clay. The purpose of this paper is to model the cementation eﬀect on the mechanical behavior of
cement-treated clay. A micromechanical stress–strain model is developed considering explicitly the
cementation at inter-cluster contacts. The inter-cluster bonding and debonding during mechanical
loading are introduced in two ways: an additional cohesion in the shear sliding and a higher yield
stress in normal compression. The model is used to simulate isotropic compression and undrained
triaxial tests under various conﬁning stresses on cement-treated Singapore clay with various cement
contents. The applicability of the present model is evaluated through comparisons between numerical
and experimental results. The evolution of local stresses and local strains in inter-cluster planes is dis-
cussed in order to explain the induced anisotropy due to debonding at contact level under the applied
loads. c© 2013 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1302106]
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Stabilization of soft ground by deep cement mixing
and jet grouting methods, which both introduce cement
into the ground, has been widely used in geotechnical
projects. The proper understanding of the cementation
inﬂuence on the mechanical behavior of cement-treated
clay is of great importance. Experimental results show
an increase of shear strength and shear modulus with ce-
ment content, accompanied by a large post-peak reduc-
tion in the strength of the treated soil.1–5 Cementation
also makes the yield stress and swelling index higher
than those of untreated soil. Bond degradation is of-
ten observed if the compression load exceeds the yield
stress, as it has also been observed in natural structured
soils.6–12
In this study, the recently developed micromechan-
ical model of remolded clay is ﬁrst brieﬂy introduced.
The model is then extended by considering the cemen-
tation eﬀect on the mechanical properties of cement-
treated clays. The model is used to simulate isotropic
compression and undrained triaxial tests under various
conﬁning stresses on cement-treated clays with diﬀer-
ent cement contents. The evolution of local stresses and
strains in inter-cluster planes due to externally applied
loads is also discussed in order to describe the mech-
anism of induced anisotropy due to debonding at the
micro contact level.
Yin et al.13–18 assumed that clay material can be
considered as an assembly of clusters. The deformation
of a representative volume of clay is generated by mobi-
lizing and compressing of all clusters. Thus, the stress–
strain relationship can be derived as an average of the
deformation of all local contact planes. The model in-
cludes the inter-cluster behavior, the inﬂuence of den-
sity state, and the overall stress–strain relationship.16
a)Corresponding author. Email: zhenyu.yin@gmail.com.
b)Email: pierre-yves.hicher@ec-nantes.fr.
For the α-th contact plane, the local forces fαj
and the local movements δαi can be denoted as fol-
lows: fαj = {fαn , fαs , fαt } and δαi = {δαn , δαs , δαt } (see
Fig. 1 for local coordinate system). In order to obtain
a more direct comparison between the local behavior
and the overall stress–strain behavior, we deﬁne a local
normal stress σα = fαnNl/(3V ) and a local shear stress
τα = fαs Nl/(3V ), where l is branch length and N/V is
the total number of contact per unit volume. The cor-
responding local normal strain is deﬁned as εα = δαn/l
and a local shear strain is deﬁned as γα = δαs /l.
Isotropic compression and oedometer tests by Hor-
pibulsuk et al.4 and Kamruzzaman et al.5 on two
cement-treated clays show the signiﬁcant inﬂuence of
the cement content on the swelling index (see Fig. 2(a))
and on the compression yield stress (see Fig. 2(b)). This
inﬂuence can be expressed by Eq. (1) for the swelling
index κ and by Eq. (2) for the bonding pressure pb
deﬁned as the diﬀerence of the compression yield stress
between cement-treated clay pyc and untreated clay pyu:
pb = pyc − pyu, as follows
κ = κ0 exp (−βκc) , (1)
pb = βp1 [exp (βp2c)− 1] , (2)
where κ0 is the swelling index for untreated clay, c is the
cement content, βκ, βp1 and βp2 are material constants
(see Figs. 2(a) and 2(b)).
By comparing the post-yield stress–strain curves
of cement-treated samples to those of untreated
samples,4,5 a mechanical bond degradation process can
be observed. This bond degradation is an irreversible
phenomenon that, experimentally, appears to be con-
trolled by plastic strain accumulation.13,19 The bonding
and debonding can be linked directly to the inter-cluster
bonds due to the cementation formed when adding ce-
ment into clay slurry.
The friction angle at failure was measured based
on undrained triaxial tests by Horpibulsuk et al.4 and
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Fig. 1. Local coordinate at inter-particle contact.
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Fig. 2. Eﬀect of cement content on properties of cement treated clays.
Kamruzzaman et al.5 on both cement-treated clays by
extending the curves to an axial strain up to 15% ac-
cording to the previous trend. As shown in Fig. 2(c),
for Ariake clay, having an initially high friction angle,
the cement content inﬂuences slightly the friction an-
gle at failure (we obtained φμ = 40
◦ measured from
undrained stress paths, which is slightly diﬀerent from
φμ = 38
◦ provided by Horpibulsuk et al.4). However,
for Singapore clay with an initially small friction angle,
the cement content inﬂuences signiﬁcantly the friction
angle at failure. This inﬂuence can be expressed by
Eq. (3) as follows
φμ = φμ0 + (φμmax − φμ0) [1− exp (−βfc)] , (3)
where φμ0 is the friction angle at failure for the un-
treated clay, φμmax is the maximum friction angle at
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Fig. 3. Eﬀect of cement content on the position of critical
state line.
failure for the cement-treated clay, and βf is a material
constant.
The apparent cohesion due to cement bonds is mea-
sured from the position of the failure line in the p′ − q
plane. Figure 2(d) shows the signiﬁcant inﬂuence of the
cement content on the apparent cohesion cb for both
cement-treated clays. This inﬂuence can be expressed
by Eq. (4), having a form similar to Eq. (2) for the
bonding pressure, as follows
cb = βc1 [exp (βc2c)− 1] , (4)
where βc1 and βc2 are material constants.
The stress–strain curves of the two cement-treated
clays show also the inﬂuence of the cement content on
the initial shear modulus, which is similar to its inﬂu-
ence on the swelling index (or bulk modulus). Since the
shear modulus can not be accurately measured based
on digitized data, we will not discuss it in this paper.
Upon increase of the applied shear stresses, the inter-
cluster bonds are progressively damaged. As a result,
a decrease of the deviatoric stress takes place after the
peak for cement-treated samples.
The critical state lines (CSL) are obtained from the
undrained triaxial tests for untreated clays, as shown
in Figs. 3(a) and 3(b). The void ratio corresponding to
this state is ec. The CSL can be written as follows for
clay
ec = ecr − λ lg
(
p′
pref
)
, (5)
where p is the mean eﬀective stress, λ is the slope of the
CSL in the e–lgp′ plane, ecr is the reference void ratio
at critical state corresponding to pref = 100 kPa.
For cement-treated clays, if the failure state in the
p′–q plane (corresponding to 15% of axial strain) is con-
sidered as the critical state, the CSL in the e–lgp′ plane
can be obtained for all cement-treated samples. For
cement-treated Ariake clay (see Fig. 3(a)), the critical
state line can be assumed to be parallel to that of the
untreated clay. If this assumption is also adopted for
cement-treated Singapore clay, the critical state lines
can be obtained as shown in Fig. 3(b). Therefore, the
inﬂuence of cement content on the location of the crit-
ical state line can be obtained by making the reference
void ratio function of the cement content, as shown in
Fig. 3(c), expressed as follows
ecr = ecr0 + (ecrmax − ecr0) [1− exp (−βec)] , (6)
where ecr0 is the reference critical state void ratio for the
untreated clay, ecrmax is the maximum reference critical
state void ratio for cement-treated clay, βe is a material
constant.
Horpibulsuk et al.4 have shown that the clay fabric
consists of clay cluster (aggregation of clay particles)
and that the role of the induced cementation is to weld
clay clusters. Kamruzzaman et al.5 have made SEM
photos untreated and cement treated by Singapore clay
with various cement contents under various consolida-
tion pressures, which demonstrate that the size of the
clay clusters can be considered the same for all cases.
Therefore, the cement-treated clay can be seen as an
assembly of clusters (aggregates of clay-cement parti-
cles). The deformation of an assembly can be obtained
by integrating the movement of the inter-cluster con-
tacts in all orientations. Thus, the eﬀect of the inter-
cluster bonding can be explicitly taken into account.
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Fig. 4. Comparisons between experiments and simulations
for isotropic compression tests on cement treated Ariake clay
with cement content of 0%, 6%, 9%, 12%, 18%.
As the orientation dependent properties are explicitly
introduced, the induced anisotropy due to inter-cluster
debonding can be modeled in a direct way. Therefore,
the micromechanics-based model developed by Yin et
al.13,14 for natural clays can be extended for cement-
treated clays. In addition to the micromechanical model
of remolded clay, three modiﬁcations were made to ac-
count for the eﬀect of cement content on the inter-
cluster bonding and debonding, listed below.
In order to take into account the eﬀect of the inter-
cluster bonding, the plastic law of the shear sliding
at inter-cluster contacts proposed by Yin et al.14,15 is
adopted. The yield function for shear sliding is assumed
to be of Mohr–Coulomb type, written in a contact plane
(e.g. σ, τs, τt, see coordinate system in Fig. 1) as follows
F1 (σ, τ, cb, H1) =
τ
σ + cb/tanφμ
−H1 (γp) , (7)
where cb is the inter-cluster cohesion due to the inter-
cluster bonding, H1(γ
p) is a hardening/softening func-
tion. The values of cb and φμ depend upon the cement
content (see Eqs. (4) and (3)). The inﬂuence of the ce-
ment content on the shear behavior is thus introduced.
For untreated clay, cb = 0, and the equation can be
reduced to that by Yin et al.15–18
The local dilatancy equation is derived from that
proposed by Yin et al.16–19 as follows
d εp
d γp
= D
∣∣∣∣(tanφμ − tanφm)
(
tanφm
tanφμ
)∣∣∣∣ ·(
e
ec
− 1
)
, (8)
where tan φm = τ/(σ+cb/ tanφμ), D is a material con-
stant which controls the dilatancy rate during shearing.
The void ratio at critical state ec is calculated using
Eq. (5) where the inﬂuence of the cement content is
introduced by ecr (see Eq. (6)).
The degradation of the inter-cluster bonds can be
modeled as a damage of the bonded contacts. There-
fore, the damage law proposed by Yin et al.13,14 is
adopted in the expression of the inter-cluster cohesion,
as follows
cb = cb0 exp (−ξdγp) , (9)
where cb0 is the initial inter-cluster cohesion, ξd is the
factor of damage representing the inﬂuence of the tan-
gential displacement in the damage law. Therefore, dur-
ing loading each contact sliding produces a progressive
damage of the cohesion.
In order to account for the inter-cluster bonding ef-
fect on the compressive behavior of cement-treated clay,
we adopt the plastic law for the normal compression of
inter-cluster contacts proposed by Yin et al.13,14
F2 (σ, σp) = σ − σp, (10)
where σp = σpi(1+χ) is the compression yield stress, σpi
is the intrinsic compression yield stress corresponding to
the yield stress measured from an isotropic compression
test on a reconstituted sample of untreated clay, χ is the
bonding ratio deﬁned by χ = σp/σpi−1. The value of σp
depends on the cement content (σp=σpi+pb, see Eq. (2)
for pb). Thus, the inﬂuence of the cement content on
the compression behavior is introduced.
The hardening function controlling the evolution of
σpi is deﬁned as follows
σpi = σpi0 exp
(
εp
cp
)
, (11)
where cp is the compression index determined from the
compression curve plotted in the εp–lgσ plane.
The damage law proposed by Yin et al.13,14 is also
adopted in the expression of the bonding ratio at inter-
cluster level
χ = χ0 exp (−ξnεp) , (12)
where χ0 is the initial bonding ratio depending of the
cement content, ξn is the factor of damage representing
the inﬂuence of the normal displacement in the damage
law. Therefore, during loading each contact produces a
progressive damage of the bonding ratio. For untreated
clay χ0 = 0 (or σp = σpi), the equation can be reduced
to that by Yin et al.15–18
Based on experimental investigation, the depen-
dency of the CSL location on the cement-content is im-
plemented into the model, i.e. the Eq. (12) is replaced
by the Eqs. (5) and (6).
Combined all above equations with others by Yin et
al.,13,14 the model can be used to reproduce mechanical
behavior of cement-treated clays.
The determination of parameters for cement-treated
Ariake clay was based on the isotropic compression and
undrained triaxial tests under a consolidated stress of
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Table 1. Local coordinate at inter-particle contact.
Parameters e0 κ0 λ σpi0 φμ kp D ecr0 ξn ξd
Ariake clay 3.44 0.086 0.446 10 40◦ 0.15 6 1.911 10 3
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Fig. 5. Eﬀect of cement content on undrained shearing behaviour of cement treated Ariake clay for tests under conﬁning
pressure of 200 kPa.
200 kPa on the untreated Ariake clay. All determined
parameters, summarized in Table 1, were used to pre-
dict all the other tests.
Figure 4 shows the comparison between experimen-
tal results and numerical simulations of isotropic com-
pression tests on untreated and cement-treated Ariake
clay with diﬀerent cement content. A satisfactory agree-
ment is achieved by using the corresponding set of pa-
rameters in Table 1.
Figure 5 shows the comparisons between experi-
ments and simulations for undrained triaxial tests on
samples of Ariake clay with diﬀerent cement contents
consolidated up to 200 kPa. The inﬂuence of the ce-
ment content on the behavior of cement-treated Ariake
clay was well reproduced by the proposed model: (1)
The increase of stiﬀness and shear strength with cement
content, accompanied by a large post-peak reduction in
the strength of the treated soil; (2) Samples with low
cement content (c = 0%, 6%, 9%, 12%) exhibit a con-
tractive behavior and samples with high cement content
(c = 18%) a dilative one.
The distributions of the local normal stiﬀness and
bond in contact planes of various orientations are plot-
ted in Fig. 6 (Fig. 6(1a) for untreated clay, Fig. 6(2a) for
cement content of 9% and Fig. 6(3a) for cement content
of 18%):
(a) The normal stiﬀness is a function of the nor-
mal stress and of the amount of cement. The normal
stiﬀness distribution at the end of the isotropic con-
solidation has a circular shape (see the bold line in
Fig. 6(a)) which corresponds to an isotropic distribu-
tion of the normal stress for all contact planes. During
the undrained shearing, diﬀerent cement contents give
diﬀerent evolutions of the stiﬀness distribution: For 0%
cement content, the distribution becomes anisotropic
with an elliptical shape having the long axis in the ver-
tical direction; For 9% cement content, the distribu-
tion becomes also anisotropic with higher stiﬀness in
the vertical direction and lower stiﬀness in the horizon-
tal direction, and then shrinks during shearing due to
bond damage; The same evolution is found for 18% ce-
ment content with higher stiﬀness values due to stronger
bonds.
(b) During the undrained shearing, the shear stress
distribution expands while maintaining a similar shape
for all cases (Fig. 6(b)). This distribution shows a con-
centration of the maximum local shear stresses between
the 45◦ and 55◦ orientations.
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Fig. 6. Local stresses, strains and bonds distributions in rose diagram, (1) is for untreated clay, (2) is for cement content
of 9% and (3) is for cement content of 18%.
(c) During the undrained shearing, the shear strain
distribution for all cases (Fig. 6(c)) shows that very
large strains occurred at the end of the loading in con-
tact planes around the 70◦ orientation.
(d) The distribution of shear bonding cohesion
changes slightly from step 1 to 2 due to small mobi-
lized shear plastic strains for both 9% and 18% cement
contents. Then, from step 2 to 3, the bonding cohesion
reduces signiﬁcantly in the 55◦–70◦ contact planes, but
does not change very much in the other planes. This
agrees with the shear strain distribution in Figs. 6(2d)
and 6(3d), because the damage of the shear bonding
cohesion is controlled by the amount of plastic shear
strain.
In the present model, stresses and bonds in each
plane are considered as internal state variables and their
diﬀerent evolution in each individual plane introduces,
in a natural manner, the stress-induced anisotropy.
Since many soil properties are stress-dependent (e.g.
the plastic hardening parameter kp and the shear mod-
ulus kr are related to kn which is stress-dependent), the
induced anisotropic behavior during undrained shearing
is linked to the stress distribution in each plane.
Based on experimental results, a micromechanical
stress–strain model was developed considering explic-
itly the cementation at inter-cluster contacts. The
inter-cluster bonding is introduced by considering two
aspects: an additional cohesion in shear sliding and
a higher yield stress in normal compression. Then,
isotropic compression and undrained triaxial tests under
various conﬁning stresses on cement-treated Ariake clay
with diﬀerent cement contents were simulated to evalu-
ate the capability of the present model to take into ac-
count the changes in mechanical properties linked to the
cement content. Finally, the predicted behavior in con-
tact planes was examined in the case of undrained tri-
axial tests with diﬀerent cement content, which clearly
indicates the development of anisotropy induced by the
externally applied loads.
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